and highest in the combined cohort 29.7%. Higher mortality rates were noted in those aged ≥ 65 vs. 50-64 years. In an adjusted model, all-cause mortality was significantly elevated for every 0.1 mEq/L change in potassium <4.0 mEq/L and ≥ 5.0 mEq/L. Diuretics and renin-angiotensin-aldosterone system inhibitors were related to hypokalemia and hyperkalemia respectively. Conclusion: Mortality risk progressively increased with dyskalemia and was differentially greater in those with HF, CKD, or DM.
Introduction
Potassium is the most abundant intracellular cation and it plays a key role in the cellular function of nerve and muscle tissue. Potassium disorders or dyskalemias are relatively common in clinical practice. Hypoand hyperkalemia are important electrolyte abnormalities, as both may contribute to the development of serious or life-threatening cardiac arrhythmias and death, especially in patients with cardiovascular or renal disease.
Long-term maintenance of potassium homeostasis is largely achieved by renal excretion of potassium in re-sponse to variations in dietary intake [1] . Disease states such as heart failure (HF), chronic kidney disease (CKD), and diabetes mellitus (DM), and drug therapy for these conditions, may interfere with the kidney's ability to match potassium intake with potassium excretion and contribute to dyskalemias.
Hypokalemia generally occurs with diuretic therapy for hypertension (HTN) or HF. Unrecognized hypokalemia is a leading cause for iatrogenic morbidity and mortality in cardiac patients who have an inherent risk for arrhythmia and who are prescribed medications that increase risk for hypokalemia [2] . Potassium concentrations <3.5 mEq/L have been associated with a higher risk of atrial fibrillation, while Q-T interval prolongation, risk of torsade des pointes, ventricular fibrillation, and sudden cardiac death may occur with potassium values <3.0 mEq/L [3, 4] . Although hypokalemia has generally been defined on the basis of serum potassium concentrations <3.5 mEq/L, evidence suggests that mild reductions in serum potassium (3.5-<4.0 mEq/L) may be associated with excess mortality in patients with HF and/or CKD [5] [6] [7] .
Hyperkalemia generally develops with impaired renal function, and individuals with HF or DM and advanced CKD are at greatest risk [8] . Potassium levels >6.0 mEq/L have been associated with peaked T waves, wide QRS complexes, bradycardia, asystole, and sudden death [4] . Drug therapy with renin-angiotensin-aldosterone inhibitors (RAASi) has been implicated as a major cause of hyperkalemia, especially in patients with cardiac or renal disease.
We analyzed an electronic medical record (EMR) database and determined the distribution of serum potassium, and prevalence of HF, CKD, DM, cardiovascular disease (CVD), acute myocardial infarction (AMI), HTN, and prescriptions for medications of interest in a large, geographically diverse US population receiving medical care. We then determined the association between an index potassium value and all-cause mortality in the study sample, in cohorts with HF, CKD, DM and all 3 conditions compared to a control group, and in a population ≥ 65 years.
Methods

Data Sources
We utilized de-identified EMR data on approximately 7 million patients collected from multiple US integrated health delivery networks (Humedica, Boston, MA, USA). Humedica aggregates longitudinal outpatient and hospital data from medical care systems located across the United States into a comprehensive clinical database, and includes data on those covered by private insurance, Medicare, and Medicaid, and on the uninsured. Our review identified 1,716,141 individuals ≥ 5 years of age with at least 2 serum potassium measurements from 2007 to 2012 (online suppl. Fig. S1 ; for all online suppl. material, see www.karger. com/doi/10.1159/000479802). Demographic data, medical diagnoses, procedural data, selected laboratory studies, and outpatient prescriptions were collected from outpatient, hospital, and emergency department visits. Patient age was calculated from birth year; those born before 1924 were assigned 1924 due to database restrictions. Deaths were identified from the United States Social Security Death Index prior to the de-identification of the data set, and were augmented by deaths identified from hospital and EMR elements [9] . Information on date of death, race, ethnicity, and the EMR of patients with <2 potassium measurements were censored by Humedica.
Serum Potassium
A single serum potassium measurement, the last potassium value recorded prior to the study entry date of January 1, 2012, was utilized as the index or baseline value for all outcome analyses. The date of this baseline potassium value was used for determining age and as a cutoff for collection of pre-study medical history. Potassium measurements <2.5 or >10 mEq/L were infrequent and were excluded from analysis secondary to the potential for laboratory error. Baseline potassium values were generally obtained during outpatient visits. However, 11% were obtained in emergency departments and 9% during hospitalization. Serum potassium was measured in multiple laboratories.
Inclusion and Exclusion Criteria and Data Collection
Individuals with incomplete demographic data and/or less than 2 years of pre-baseline medical records were excluded, as were those with end-stage renal disease and acute kidney injury; conditions frequently accompanied by wide fluctuations in potassium. A total of 759,029 subjects were excluded for insufficient data, and 45,414 for the above diagnoses. The study sample comprised of 911,698 individuals who had a baseline potassium value, complete demographic data, and a pre-study medical record.
We utilized predefined ICD-9 diagnostic codes to identify HF, CKD, and DM, as well as CVD diagnoses of AMI, ischemic heart disease, stroke, peripheral vascular disease, other atherosclerosis, and HTN (online suppl. Table S6 ). Laboratory, medical procedures and prescription history were used to supplement ICD-9 diagnoses (LVEF, MDRD eGFR, glycosylated hemoglobin, and hypoglycemic medications). Disease state classification was based on one or more recorded diagnoses or events over a 2-year period prior to baseline . Outpatient prescriptions for RAASi, defined as any written prescription for an angiotensinconverting enzyme or angiotensin receptor blocker, mineralocorticoid antagonist, or direct renin inhibitor -and for all diuretics were captured, without respect to dose, over a 12-month period prior to baseline potassium. We identified 4 non-exclusive disease state cohorts of interest: HF, CKD (stage 3-5), DM, and with all 3 conditions. Our control group comprised of individuals without known HF, CKD, DM, CVD, or HTN. Two age-specific cohorts, age between 50 and 64 and ≥ 65 years, were examined to determine the association of age on the potassium-mortality relationship.
Statistical Analyses
Baseline demographic, disease state, and prescribed medication data were reported per each 0.5 mEq increase in serum potassium from 2.5 to 8.0 mEq/L, for the study sample. We performed univariate and multivariate analyses on serum potassium values from 2.5 to 8.0 mEq/L for each 0.1 mEq change, to examine the association between baseline potassium and age, gender, CVD, AMI, HTN, HF, CKD, DM, RAASi, and diuretics. Due to a U-shaped relationship between serum potassium and mortality, predictors of hypo-or hyperkalemia were evaluated separately. Multivariate regression analyses generated fully adjusted odds ratios for serum potassium values >5.0 mEq/L among subjects with baseline potassium concentrations ≥ 4.0 mEq/L, and fully adjusted ratios for serum potassium <4.0 mEq/L and <3.5 mEq/L among subjects with baseline potassium concentrations ≤ 5.0 mEq/L.
Death Event and Modeling
The primary outcome was all-cause death, recorded following baseline date until December 31, 2012. The average follow-up was approximately 18 months and ranged from <12 to 48 months. Unadjusted all-cause mortality rate and the distribution of baseline potassium values for each disease state cohort and the control group were calculated for each 0.1 mEq/L change in potassium.
Cubic spline regression analysis was used to examine the relationship between baseline potassium values and mortality at 0.1 mEq/L increments, adjusting for covariates of age, gender, HTN, CVD, AMI, CKD stages 3-5, HF, DM, RAASi, and diuretic prescriptions, along with multiple interactions (both age and gender with each comorbidity and RAASi, RAASi with CKD and with HF, and HF with CKD; details in online suppl. Appendix). All statistical analyses were carried out using SAS/STAT software, version (9.2) of the SAS System for Windows.
Results
Study Population
Our sample comprised of 911,698 individuals with a mean age of 57.4 ± 17.6; 64% were <65 years and 58% were female ( Table 1 ; online suppl. Table S1 ). A total of 21% had DM ( n = 187,869), 11% had CKD ( n = 97,384), and 6% had HF ( n = 50,203), with 1% ( n = 9,821) having all 3 conditions. Diagnoses of HTN and CVD were present in 49% and 30%, respectively. RAASi medications were prescribed in 30% of the study population and thiazide or loop diuretics in 19% and 6%, respectively. At baseline, 27.6% had a potassium <4.0 and 5.7% had a value ≥ 5.0 mEq/L.
The control group consisted of 338,297 individuals without known CVD, AMI, HTN, HF, CKD, or DM. Mild hypokalemia (potassium 3.5-<4.0 mEq/L) was present in 26% of controls, while moderate-to-severe hypokalemia (potassium <3.5 mEq/L) occurred in 4.0%. Hyperkalemia (with potassium values ≥ 5.0 mEq/L) occurred in 4.3% of controls, 0.5% of whom had mod-severe hyperkalemia with potassium concentrations ≥ 5.5 mEq/L. The total number of patients with potassium values <4.0 mEq/L was numerically greater than those with potassium values ≥ 5.0 mEq/L in controls. Mild and moderate-to-severe hypokalemia occurred in 25.8% of those with HF, in 23.4% with CKD, in 22.3% with DM, and in 24.0% with all 3 conditions. Baseline potassium values ≥ 5.0 mEq/L varied across these disease states: 9.1% in HF, 11.5% with CKD stage 3-5, 8.3% with DM, and 13.1% of those with all 3 conditions.
Unadjusted Mortality by Baseline Potassium
The relationship between serum potassium and allcause mortality in the control group and in HF, CKD, DM, and combined cohorts appears in Figure. 1 . Eighteen-month mortality rates were 1.2% controls, 22.4% HF, 16.6% CKD, 6.7% DM, and 29.7% with all 3 conditions. The lowest unadjusted mortality occurred with potassium values between 4.0 and 5.0 mEq/L. Unadjusted mortality within this potassium range was 25-fold higher in the combined cohort, 19-fold greater in HF, 14-fold greater in CKD, and fivefold greater in DM compared to controls (online suppl. Table S2 ). All-cause mortality increased continuously with potassium values above or below the 4.0-5.0 mEq/L range in controls and all 4 predefined cohorts. Unadjusted death rates for hypokalemia and hyperkalemia in these cohorts were higher in HF when compared to those in CKD or DM.
All-cause mortality was highest (25.7% at potassium values of 4.0-<5.0 mEq/L) over 18 months in the combined cohort. We observed 45.5% mortality with moderate-to-severe hypokalemia and a 35.7% death rate with hyperkalemia in those with HF, CKD, and DM, versus a death rate of 2.7% in controls at either extreme of the potassium values ( Fig. 1 d) . In a comparison of older and younger comorbid patients, patients ≥ 65 years with HF, CKD, or DM had higher unadjusted mortality across all potassium levels versus subjects in the age range 50-64 years with any of the specified disease states (online suppl. Fig. S2 , Table S3 ).
Multivariate Predictors of High and Low Serum Potassium
The results of multivariate logistic regressions for predictors of mild and moderate-to-severe hypokalemia in individuals with baseline potassium ≤ 5.0 mEq/L and predictors of hyperkalemia in those with index potassium ≥ 4.0 mEq/L appear in Table 2 . CKD was predictive of both hyperkalemia and moderate-to-severe hypokalemia. Increasing age, male gender, DM, and RAASi prescriptions were all independent predictors of hyperkale-mia, and independent negative predictors of both mild and moderate-to-severe hypokalemia; loop and thiazide diuretics showed the opposite pattern. CVD and HF independently predicted hypokalemia only. CKD was the best predictor of hyperkalemia, and odds ratios increased progressively with higher degrees of renal impairment. Thiazide diuretics doubled the predicted odds of hypokalemia and reduced the predicted odds of hyperkalemia by 36%.
Adjusted Mortality Association with Serum Potassium by Spline Analysis
A U-shaped association was observed for serum potassium and adjusted mortality in the total population, in the control group, for CKD, HF, and DM, and in the combined cohort, with mortality rates being the lowest at potassium levels between 4.0 and <5.0 mEq/L ( Fig. 2 ; online suppl. Fig. S3a-d, Table S4 ).
After controlling for covariates, spline analysis demonstrated that predicted mortality rates among subjects with HF, CKD, DM, and with all 3 conditions remained significantly higher at each potassium value relative to the control group ( Fig. 2 ) . With potassium values between 4.0 and <5.0 mEq/L, 1.0% (1.0-1.1) of the control group was predicted to die during the follow-up versus 3.1% (2.9-3.3) of subjects with HF, 3.4% (3.4-3.6) with CKD, 1.6% (1.6-1.7) with DM, and 7.5% (6.9-8.1) with all 3 conditions (online suppl. Table S5 ). After adjusting for age, * Age was calculated on year of birth; those born in or before 1924 were assigned a birth year of 1924. † Patients prescribed direct renin inhibitors are included only in the "Any RAASi" category. ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CKD, chronic kidney disease; MRA, mineralocorticoid receptor antagonist; RAASi, renin-angiotensin-aldosterone system inhibitors. Comorbidities are not mutually exclusive and may sum to more than 100%. Data for potassium values of 8.1-10.0 mEq/L are not reported secondary to small sample size (n = 138).
gender, relevant comorbidities, and therapies, predicted mortality for HF, CKD, DM, and the combined cohort was greater for potassium values ≥ 5.0 and <4.0 mEq/L versus potassium values between 4.0 and <5.0 mEq/L. Cohorts with HF or CKD had similar predicted mortality risks across the distribution of potassium values ( Fig. 2 ; online suppl. Table S5 ). Among patients with HF, CKD, or DM, predicted mortality rates increased more markedly with mild dyskalemia in older subjects (age ≥ 65 years) than in subjects in the age range 50-64, and were consistently higher across the entire distribution of serum potassium (online suppl. Fig. S4 ). The covariates: age group (18-44, 45-64, 65-74, and ≥75 years); gender; HTN; CVD; AMI; CKD stage (no CKD/CKD stages 1-2, 3a, 3b, 4, or 5); HF; DM; RAASi (RAASi prescription in the 12 months pre-baseline); and loop, thiazide, and potassium-sparing diuretic prescriptions were used in logistic regression models as predictors of high potassium in patients with index potassium ≥4.0 mEq/L, and as predictors of low potassium in patients with index potassium ≤5.0 mEq/L. Age <18 years not shown.
AMI, acute myocardial infarction; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; HF, heart failure; HTN, hypertension; RAASi, renin-angiotensin-aldosterone system inhibitors. 
Discussion
Our analysis demonstrated that at baseline, one third of 911,698 patients receiving medical care from multiple healthcare providers across the United States had dyskalemia. We demonstrated a continuous U-shaped relationship between serum potassium and all-cause mortality in the entire population as well as in cohorts with HF, CKD, DM, and all 3 conditions, and in a control group without documented CVD, and aforementioned conditions. Dyskalemias including mild (3.5-<4.0 mEq/L) or moderate-to-severe (<3.5 mEq/L) hypokalemia and mild (5.0-<5.5 mEq/L) or moderate-to-severe hyperkalemia ( ≥ 5.5 mEq/L) were all associated with increased all-cause mortality over an average 18-month follow-up. Unadjusted 18-month mortality ranged from 34.8 to 55.6% with mild to severe hypokalemia and from 29.5 to 84.2% of those with mild-to-severe hyperkalemia in the cohort with HF, CKD, and DM. Fully adjusted all-cause mortality was higher across the entire distribution of serum potassium in those with HF, CKD, or DM and highest in the cohort with all 3 conditions versus controls.
After adjustment for multiple risk factors, the spline analysis demonstrated that patients with HF, CKD, DM, or all 3 conditions have significantly higher mortality rates than controls at all levels of serum potassium. Mortality was highest for all cohorts with mod-severe dyskalemia. Importantly, higher mortality occurred at potassium values that commonly engender little concern among clinicians, especially in those with HF or CKD. These findings are consistent with prior reports of U-shaped relationships between potassium and death in selected populations [10] [11] [12] [13] . Individuals ≥ 65 years of age had noticeably higher mortality rates for mild and moderate-to-severe hypokalemia and mild to moderate-tosevere hyperkalemia when compared to those aged 50-64 years.
Few studies have examined the relationship between dyskalemia and death in the absence of known CVD, HF, CKD, or DM. Unadjusted 18-month mortality was 1.2-and 2.6-fold higher in individuals with potassium values <4.5 and 3.5 to <4.0 mEq/L, respectively in our control group, versus potassium levels of 4.0 to <5.0 mEq/L. Mortality was 1.9-fold and 7.5-fold higher in controls with potassium values 5.0 to <5.5 and 5.5 to 8.0 mEq/L, respectively, versus controls with potassium levels of 4.0 to <5.0 mEq/L.
Potassium levels <4.0 mEq/L were more common than those ≥ 5.0 mEq/L; 4.0% of the control group had moderate-to-severe hypokalemia, 26% had mild hypokalemia, and 4.3% had hyperkalemia. Thus, even in the absence of the aforementioned disease states, dyskalemia was associated with a higher risk of death.
The association of mild hypokalemia with greater allcause mortality in controls is noteworthy, since prior reports of higher mortality with mild hypokalemia (3.5-3.9 mEq/L) have been limited to those with HF and to those with or without CKD. Our results showing a higher mortality risk for mod-severe hypokalemia differ from a recent report, which noted a 13% non-significant increase in death in subjects with potassium values <3.5 mEq/L, without known CVD [14] .
A diagnosis of HF was reported in 5.1% of patients with potassium values <4.0 mEq/L, and in 6.1% with a potassium concentration <3.5 mEq/L. Potassium values <4.0 mEq/L were associated with a 1.4-fold increase in adjusted all-cause mortality versus potassium values 4.0-<5.0 mEq/L in the HF cohort. Our findings are similar to prior analyses of HF patients, which reported greater allcause mortality and a trend to increased hospitalization in those with potassium values <4.0 mEq/L [5, 6] . Fully adjusted odds ratios implicated HF, CVD, CKD, female gender, and loop or thiazide diuretics as risk factors for index potassium <3.5 mEq/L. Analysis of prescription data demonstrated a greater association for thiazide versus loop diuretics with mild and moderate-to-severe hypokalemia. Other diuretic-induced electrolyte abnormalities including hypomagnesemia and hyponatremia may contribute to the increase in mortality with hypokalemia [15] .
Our results demonstrated incremental increases in allcause mortality in cohorts with HF, CKD, or DM or in combination, across potassium values ≥ 5.0 mEq/L following adjustment for covariates. Individuals with serum potassium of ≥ 5.0 mEq/L were more likely to be older, to be male, to have HF, CKD, or DM -especially CKD -and to receive RAASi therapy. Prescriptions for RAASi, primarily with angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, were highest in those with a serum potassium ≥ 5.0 mEq/L. Our analysis supports prior clinical observations, which have implicated age, renal impairment, and RAASi as risk factors for hyperkalemia [16, 17] .
Drug therapies have long been implicated in dyskalemias. The higher death rates seen in those with HF, CKD, and DM with mild or moderate-to-severe hypokalemia could, in part, be attributable to diuretic induced hypokalemia with inadequate monitoring and/or potassium replacement. Dietary modification, potassium supplementation, and use of potassium-sparing diuretics may pre-
